In the search for high-capacity anode materials, a facile hydrothermal route has been developed to synthesize phase-pure NiC 2 O 4 ·2H 2 O nanorods, which were crystallized into the orthorhombic structure without using templates. To ensure the electrical conductivity of the nanorods, the produced NiC 2 O 4 ·2H 2 O nanorods were attached to reduced graphene oxide (rGO) sheets via self-assembly layer-by-layer processes that utilize the electrostatic adsorption that occurs in a poly(diallyldimethylammonium chloride) solution. The high electrical conductivity aided by the presence of rGO significantly improved the electrochemical properties: 933 mAh g − 1 for the charge capacity (oxidation), which showed 87.5% efficiency at the first cycle with a retention of approximately 85% for 100 cycles, and 586 mAh g − 1 at 10 C-rates (10 A g − 1 ) for the NiC 2 O 4 ·2H 2 O/rGO electrode. The lithium storage processes were involved in the conversion reaction, which were fairly reversible via a transformation to Ni metal accompanied by the formation of a lithium oxalate compound upon discharge (reduction) and restoration to the original NiC 2 O 4 ·2H 2 O upon charging (oxidation); this was confirmed via X-ray diffraction, transmission electron microscopy, X-ray photoelectron microscopy and time-of-flight secondary ion mass spectroscopy. We believe that the high rate capacity and rechargeability upon cycling are the result of the unique features of the highly crystalline NiC 2 O 4 ·2H 2 O nanorods assisted by conducting rGOs. 
INTRODUCTION
The demand for sustainable and green-energy sources is rising because of increasing concerns regarding fast population growth and industrialization worldwide. Lithium-ion batteries have been developed as power sources over several decades and have achieved great commercial success, ranging from mobile to stationary applications. [1] [2] [3] [4] Rechargeable lithium-ion batteries are suitable for the aforementioned applications because of their high energy density and high power properties. 5, 6 In commercial batteries, graphite is commonly adopted as the active material for the negative electrodes. Apart from its ability to accommodate Li + ions in its structure and its reversibility, the theoretical capacity of graphite is limited to 372 mAh g − 1 . 7 The predominant intercalation potential of graphite is approximately 0.1 V vs Li/Li + , which results in risks associated with short circuits derived from dendritic growth of Li. In the past, efforts have been made to find high-capacity alternative electrode materials to replace graphite. These new materials can be classified based on their reaction mechanisms: (i) intercalation: Ti-based oxides that store Li + ions in the host structure, such as TiO 2 8,9 and Li 4 Ti 5 O 12 , 10,11 (ii) alloy: Si-and Sn-based materials that undergo reactions through de-alloy/alloy processes with Li, 12, 13 and (iii) conversion: metal oxides, fluorides or sulfides that are converted to metal and Li-A (A: O, F and S). [14] [15] [16] [17] Repetitive Li + insertion/extraction in Ti-based oxides is known to retain its capacity upon cycling, even though the capacity is small. Although Si and Sn are known to deliver high capacity, these materials experience serious volume expansion, 4300% for Li 4.4 Si 18 and 4359% for Li 4.4 Sn, 19 when fully discharged (reduced), which results in poor electrode performance. For the conversion process, a phase transformation during the first discharge results in structural amorphization of the transition metals, after which the metals are restored to their original state charge, even though the reaction proceeded in an amorphous state. [20] [21] [22] [23] Apart from their high capacities, however, poor kinetics and the large difference between the operation voltages for charge and discharge should be improved to compete with intercalation compounds.
Indeed, the use of a high-capacity anode is required to increase the resulting cell capacity. Although the capacity of graphite is limited, its electrochemical properties are still superior to other electrode materials in terms of capacity retention and rate capability. Recently, new conversion-type materials were introduced by Tirado's group [24] [25] [26] [27] ; these materials showed intriguing electrochemical performance using metal oxalates MC 2 O 4 (M: Mn, Fe, Co, Ni, Cu, Zn), delivering 700-900 mAh g − 1 in several early cycles. Among these metal oxalates, NiC 2 O 4 delivered the highest capacity. However, their capacities gradually faded with further cycling. 24 Tirado's group also suggested a possible mechanism during the first lithiation: MC 2 O 4 +2Li + +2e − → M+Li 2 C 2 O 4 . [25] [26] [27] By contrast, it is not clear whether the presence of oxalate ions can be solely ascribed to the formation of Li 2 C 2 O 4 because the oxalate ions were present in both unreacted MC 2 O 4 (M: Co) and Li 2 C 2 O 4 . 25 Interestingly, thermal decomposition of metal oxalates as precursors usually leads to the production of metal oxides. However, metal oxalates seem to show better lithium storage abilities than metal oxides, although the reason is not clear. [24] [25] [26] [27] [28] [29] Enhancement of electrical conductivity is another important concern for electrode materials. Coating using carbonaceous substances has been widely accepted as an effective strategy to achieve better conduction properties and to thereby improve electrochemical properties, such as cycling performance and rate capability. Modification with reduced graphene oxide (rGO) results in better contact with electrolytes, and its conducting property improves the resulting electrical conductivity assisted by the electro-conducting rGO; this leads to the improved mobility of Li + ions in the channels between the active particles supported by rGO.
Metal oxalates can be produced via solid-state reactions, 30 spray pyrolysis, 31 reverse-micellar route methods, 32 solvothermal reactions, 33 sol-gel methods, 34, 35 hydrothermal methods 36 and microwave-assisted solution approaches. 37 In this work, we successfully synthesized NiC 2 O 4 ·2H 2 O nanorods via a facile hydrothermal method. These unique one-dimensional nanorods give rise to two important features: (i) shortened pathways for the Li + ions and electrons provided by the two-dimensional nanostructure of rGO and (ii) sufficient voids for electrolyte penetration into the electrodes resulting in volumetric availability when lithiated. The produced NiC 2 O 4 ·2H 2 O nanorods were also sandwiched between rGO plates followed by layer-by-layer self-assembly (Figure 1a) distilled water (9 ml) and ethylene glycol (EG, 16 ml) were first mixed in a beaker, and the mixed solution was stirred at room temperature for 6 h to form a clear solution. The solution was then transferred into a Teflon-lined stainless steel autoclave (100 ml capacity). The autoclave was hermetically sealed and heated at 130-200°C for 12 h. After the reaction, the autoclave was cooled to room temperature. Finally, the products were washed three times with de-ionized water and ethanol and then dried at 80°C for 24 h in a vacuum oven.
Synthesis of the SA-LBL NiC 2 O 4 ·2H 2 O/rGO composite
The as-synthesized NiC 2 O 4 ·2H 2 O powders (1.5 g) were sonicated in distilled water (100 ml) for 10 min to produce a homogeneous NiC 2 O 4 ·2H 2 O suspension, and poly(diallyldimethylammonium chloride) (PDDA, 15 ml) was subsequently added to the suspension, which was vigorously stirred for 30 min. Then the suspension was mixed with rGO (50 mg, IDT International, Ulsan, Korea) and stirred for 1 h. During this process, the color of the solution changed from sky blue to black. The product was isolated and the residual PDDA was removed through centrifugation rotated at 10 000 r.p.m. for 30 min, followed by two cycles of consecutive washing/centrifugation with water. Finally, the products were dispersed in water to produce a colloidal NiC 2 O 4 ·2H 2 O/PDDA/rGO suspension, after which the suspension was dried in a vacuum at 80°C overnight.
Physical properties
The crystalline phases of the products were characterized by powder X-ray diffraction (XRD, Rint-2000, Rigaku, Tokyo, Japan) using Cu-Kα radiation. The XRD data were obtained with a step size of 0.03°and a count time of 1 s. The particle morphologies of the produced powders were analyzed using scanning electron microscopy (JXA-8100, JEOL, Tokyo, Japan) and transmission electron microscopy (TEM; H-800, Hitachi, Tokyo, Japan). The DC electric conductivity was measured by a direct volt-ampere method (CMT-SR1000, AIT, Gyeonggi, Korea), in which disc samples were contacted by a four-point probe. An elemental analyzer (EA110, CE Instrument, Manchester, UK) was employed to determine the amount of carbon in the final products. A time-of-flight secondary ion mass spectroscopy (ToF-SIMS, PHI TRIFT V nanoTOF, ULVAC-PHI, Kanagawa, Japan) surface analyzer, equipped with a liquid Bi + ion source and pulse electron flooding, was operated at 10 − 9 Torr. During the analysis, the targets were bombarded by 10 keV Bi + beams with a pulsed primary ion current varying from 0.3 to 0.5 pA. The total collection time was 100 s over a 200 × 200 μm 2 area. X-ray photoelectron spectroscopic (XPS, PHI5600, Perkin-Elmer, Boston, MA, USA) measurements were performed to obtain information on the surface states of electrodes in a macro-mode (3 × 3 mm 2 ). The samples were first transferred into a hermitically sealed transfer chamber in the glove box, and they were again transferred into the vacuum chamber of XPS machine, thus no exposure to air and water molecules for XPS measurement.
Electrochemical properties
The electrochemical properties were measured in R2032 coin-type cells. The electrodes were fabricated from a mixture of the prepared metal oxalate powders (85 wt.%), ketjen black (5 wt.%), super-P (5 wt.%) and polyacrylic acid (5 wt.%) in N-methylpyrrolidinone. The obtained slurry was applied onto copper foil and dried in an oven at 80°C for 1 h. The electrode was further dried overnight at 80°C under a vacuum. The electrolyte solution used was 1 M LiPF 6 in a 3:7 volume mixture of ethylene carbonate and dimethyl carbonate. The fabricated cells were charged and discharged in a range of 0-3 V applied at a constant current of 500 mAg − 1 at 25°C. Figure S1 ), although the resulting crystallinity varied depending on the reaction conditions. When reacted at 130°C, the resulting products were urchin-like nanorods. Figure S1) . For this reason, we decided that the best conditions were 170°C for 12 h for the morphology that exhibited the most appropriate dispersion. We also attempted to apply the SA-LBL process on planar rGO substrates, as shown schematically in Figure 1a . (Figure 1b, top) , indicating that the SA-LBL process did not alter the original crystal structure. The rGO-related peaks were not found in the XRD pattern, which is a result of the low crystallinity of the rGO. Recently, Feng et al. 38 reported the synthesis of Cu 1/3 Co 2/3 C 2 O 4 ·xH 2 O/functionalized graphene oxide via an additional hydrothermal treatment of Cu 1/3 Co 2/3 C 2 O 4 ·xH 2 O and functionalized graphene oxide (FGO) in which the Cu 1/3 Co 2/3 C 2 O 4 ·xH 2 O/FGO composite exhibited several unindexable impurities with the formation of nanosized nanoparticles with Cu 1/3 Co 2/3 C 2 O4·xH 2 O nanorods. These nanorods could be identified as a mixture of two crystal systems, monoclinic (C2/c) and orthorhombic (Pnnm), according to their XRD patterns. Their products included metal-like nanoparticles ranging from 5 to 10 nm in diameter, indicating that the second hydrothermal reaction with their homemade FGO resulted in structural and morphological changes. The similarity in the crystal structure that showed the two crystal systems was also observed in FeC 2 O 4 ·2H 2 O, 39 which was synthesized at room temperature and consecutive drying at 60°C. This highlights the advantage of the present SA-LBL process because the reaction was carried out at room temperature. Thus the synthesis conditions did not damage or affect the crystal structure or morphology of the Figure S2a, top) , which agrees with the XRD pattern reported by Lopez et al. 24 and Kolezynski et al. 40 In addition, the dehydration did not alter the original particle morphology of the nanorods (Figures 1c-f) , as shown in Supplementary Figures S2b and c .
RESULTS AND DISCUSSION
The presence of carbon is further confirmed via the Raman spectrum (Supplementary Figure S3, top) ; specifically, two bands appeared at 1347 and 1591 cm − 1 . The latter is due to the C = C symmetrical vibration that results from the formation of the crystalline π-bond sp 3 character. In addition, the coexistence of the rGO and NiC 2 O 4 ·2H 2 O spectra provides evidence of the formation of a NiC 2 O 4 ·2H 2 O/rGO composite (Supplementary Figure S2) . The content of the carbon was approximately 3 wt.%, as analyzed by a CHN analyzer, which agrees with the added amount of rGO during the composite synthesis stage. The presence of electro-conducting rGO was effective in improving the electrical conductivity to approximately 7.1 × 10 − 4 S cm − 1 for the NiC 2 O 4 ·2H 2 O/rGO composite. The conductivity is slightly lower than that of several carbon-coated electrode materials. 41 (Figure 1e ), which can be ascribed to the presence of rGO. Furthermore, the NiC 2 O 4 ·2H 2 O nanorods are evidently loaded onto the flat rGO plates (Figure 1f) . The nitrogen adsorption-desorption isotherm exhibits a type-IV isotherm, with a hysteresis loop between the H1and H2 types, which is related to the capillary condensation behavior of the produced powders ( Supplementary Figures S4a and b) . This is further evidenced by the pore size distribution (Supplementary Figures S4c and d) . Note that the pore volume varies greatly for the NiC 2 O 4 ·2H 2 O/rGO composite.
The larger pores provided by the rGO plates are likely to facilitate electrolyte penetration into the electrodes, which would help to improve the electrochemical performance.
Electrochemical performance of the NiC 2 O 4 ·2H 2 O/rGO composite Bare and NiC 2 O 4 ·2H 2 O/rGO electrodes were tested in the voltage range of 0-3 V vs Li/Li + by applying a current density of 500 mA g − 1 (0.5 C-rate) at 25°C (Figures 2a and b) . Both electrodes exhibited a similar Li + uptake tendency upon discharge (reduction), obtaining discharge capacities of 1109 mAh g − 1 for the bare electrode and 1072 mAh g − 1 for the NiC 2 O 4 ·2H 2 O/rGO electrode. Overall, although there was a slight difference in the discharge capacities, the resulting voltage profiles were similar to each other. Note that there is an obvious difference in the charge (oxidation) capacities: 805 mAh g − 1 (72.6% efficiency) for the bare electrode and 933 mAh g 40 , exhibited large irreversible capacities upon the first cycle. This improvement in the reversibility can mainly be ascribed to the enhanced electrical conductivity of the NiC 2 O 4 ·2H 2 O/rGO composite, in which the electro-conducting rGO had a significant role in improving the conductivity and porosity of the electrode, which allows the electrolyte to more readily penetrate the electrode. These synergistic effects were further confirmed for long-term cyclability ( Figure 2b) Figures S5a and b) . 
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The rate test demonstrated the excellent electrode performance of the NiC 2 O 4 ·2H 2 O/rGO composite compared with that of the rGO-free NiC 2 O 4 ·2H 2 O composite. All cells were subjected to discharge and charge at the same current densities, up to a 10 C-rate (10 A g − 1 ), as shown in Figures 2c and d . The specific discharge and charge capacities of the bare electrode significantly decreased with the increasing current densities, finally reaching approximately 207 mAh g − 1 at a 10 C-rate for the charge. Meanwhile, the charge capacities of the NiC 2 O 4 ·2H 2 O/rGO electrode were 901, 855, 778, 684 and 586 mAh g − 1 at 1, 2, 3, 5 and 10 C-rates, respectively (Figure 2c) . Furthermore, these capacities were retained over five cycles (Figure 2d) . Importantly, the capacity almost recovered its initial capacity, 899 mAh g − 1 , after the 10 C-rate test when later discharged at the 1 C-rate. This performance was evidently better than that of dehydrated NiC 2 O 4 and NiC 2 O 4 /rGO composite ( Supplementary  Figures S5c and d) , although the reason is unknown at present. Additionally, NiC 2 O 4 ·2H 2 O/rGO was tested for supercapacitors because of its excellent electrochemical properties at a high current density (Supplementary Figure S6) . The maximum specific capacitance can be obtained at a low current density such as 2 A g − 1 , which was 242. 4 O/rGO is due to the presence of rGO, which improves the electron transport through the rGO matrix efficiently towards the NiC 2 O 4 ·2H 2 O/rGO nanorods.
Postcycling NiC 2 O 4 ·2H 2 O/rGO composite Because of the high reversibility of the present electrodes, the crystal structure was investigated by ex situ XRD (Figure 3a) . A Ti current collector was used as an internal standard to calibrate the XRD patterns. Although the NiC 2 O 4 ·2H 2 O/rGO was lithiated (reduced) to 1.08 V, there was no significant change in the crystal structure. Interestingly, further lithiation to 0.79 V greatly decreased the relative intensity of the XRD pattern. The intensity was further lowered at 0 V, and no peaks were observed, indicating that the resulting product was transformed into low crystallinity or amorphous products (Figure 3a) . These tendencies are well known for the conversion reactions of metal oxides, 44, 45 which commonly result in products such as amorphous metals and Li 2 O. The TEM images clearly indicate the formation of nanodomains (Figure 3b) , and the resulting selected-area diffraction indicates that the domains are composed of Ni metal (Fm3m).
The chemical state of Ni was also monitored via XPS and ToF-SIMS (Figure 4) . The oxidation state was stabilized at Ni 2+ (835.5 eV) for the (Figure 4a ). Broadening and shifting in the binding energy towards a lower energy were also observed as the electrodes were lithiated at 0 V. The observed binding energy of 852.4 eV was due to the formation of metallic Ni, which can be observed in TEM images (Figure 3b) . Surprisingly, the NiCO + fragment, which was observed in the fresh state, was negligible at 0 V (Figure 4b left) , while the LiC 4 O + fragment was observed in the ToF-SIMS data (Figure 4b right) . This explains how the divalent nickel oxalate was transformed into lithium oxalate, leaving traces of metallic Ni, and the resulting crystallinity was amorphous or of low crystallinity. The variation in the binding energies for C also verified the formation of lithium oxalate (Supplementary Figure S7) . Compared with that of the fresh state, the increase in the binding energy at 290 eV indicated the formation of oxalate-related compounds. This reaction is similar to conversion reactions, but the reaction products are metal and lithium oxalate instead of Li 2 O, which is more noticeable in the case of conversion reactions for metal oxides. 45 Using X-ray absorption and Fourier transform infrared studies, Aragon et al. 25 also observed this similarity in the formation of Li 2 C 2 O 4 when lithiated (reduced). Upon charging (oxidation), the relative intensity of the XRD pattern gradually increased and was completely recovered to its state before discharge (Figure 3a) . The TEM data also exhibited the maintenance of the nanorod morphology and the recovery of crystallinity in the selected-area diffraction pattern (Figure 3b) . The binding energy of Ni was restored to its original state under delithiation, showing a shift toward a higher binding energy (Figure 4a) . At 3 V, the observed binding energy corresponded to Ni 2+ (835.5 eV), which was the same state as that of the original electrode. Again, note that the relative intensity of the binding energy at 290 eV was significantly lowered (Supplementary Figure S7) . Furthermore, the fragment that appeared as LiC 4 O + (m = 71.01) was only barely detected in the ToF-SIMS data (Figure 4b right) , while NiCO + (m = 85.93) was observed once again (Figure 4b left) . These results verified the occurrence of conversion reactions via the formation of Ni metal and lithium oxalate upon discharge. Therefore, this reversibility is likely to affect the high coulombic efficiency (87.5%) for the first cycle of the NiC 2 O 4 ·2H 2 O/ rGO electrode. The conversion reaction is highly reversible; thus the initial capacity can be retained throughout the cycling test (Figure 2b ), even at high rates (Figures 2c and d) .
This reversibility was confirmed in the postcycling electrode ( Figure 5) . Namely, the resulting XRD pattern clearly exhibited that the original crystal structure after 100 cycles had been maintained (Figure 5a ), as its structure was similar to the as-prepared NiC 2 O 4 ·2H 2 O/rGO (Figure 1b) , although a slight deviation in the lattice parameters was observed for the cycled NiC 2 O 4 ·2H 2 O/rGO electrode (Supplementary Table S1 ). In addition, the original morphology, which was stable in the forms of nanorods, was retained, even after extensive cycling (Figure 5b ). The only difference between NiC 2 O 4 ·2H 2 O and NiC 2 O 4 ·2H 2 O/rGO is the presence of conductive graphene, onto which NiC 2 O 4 ·2H 2 O nanorods were applied. The XPS and ToF-SIMS data shown in Figure 4 and Supplementary Figure S7 clearly demonstrate the formation of the Li 2 C 2 O 4 -related compound, which is an insulating compound. From this viewpoint, the presence of conducting graphene likely compensated for the electron transfer, which was impeded by the insulating Li 2 C 2 O 4 -related compound. For this reason, the NiC 2 O 4 ·2H 2 O/rGO composite electrode was able to retain its high capacity upon cycling. In addition, the recovery of the original crystal structure and the maintenance of the nanorod morphology both supported the stable electrochemical cycling of the NiC 2 O 4 ·2H 2 O/rGO composite, which was not previously possible.
CONCLUSION
Nanorods consisting of a NiC 2 O 4 ·2H 2 O/rGO composite were successfully synthesized via hydrothermal and subsequent SA-LBL processes, which utilized electrostatic adsorption between the NiC 2 O 4 ·2H 2 O nanorods and rGO sheets. The NiC 2 O 4 ·2H 2 O/rGO composite exhibited good cyclability, high capacity and reasonable rate performance. The high electrical conductivity clearly promoted the reversible lithiation and delithiation processes that are associated with conversion reactions through the transformation into Ni metal accompanying the formation of a lithium oxalate compound, upon discharge and with the recovery of the original NiC 2 O 4 ·2H 2 O upon charging. These findings demonstrate that oxalate-based anode materials are also feasible for use in rechargeable lithium-ion batteries.
